Abstract A facile and efficient procedure has been reported for the synthesis of tetrahydrofuro [3,4-b]quinoline-1,8(3H,4H)-diones by the condensation reaction of benzaldehydes, 1,3-cyclohexanediones and anilinolactones in the presence of CuFe 2 O 4 as a reusable nanocatalyst with high catalytic activity in water. The notable advantages of this method are excellent isolated yields, short reaction times, simple workup procedure and little environmental impact.
Introduction
Multicomponent reactions (MCRs) have emerged as a versatile approach in organic synthesis for the construction of complex structures from simple building blocks, due to their advantages over the conventional multistep synthesis [1, 2] . Preparation of products in a single step and one-pot, operational simplicity, less time consuming, high atom economy, consuming expensive purification processes are the major advantages of multicomponent reactions [3] [4] [5] . Since Breslow has demonstrated that hydrophobic effects could strongly enhance the rate of some organic reactions and rediscovered the use of water as solvent in organic chemistry in 1980s [6, 7] , much attention has been focused on organic reactions in water. The unique properties of water are a desirable solvent for chemical reactions and it is safe, non-toxic, environmentally friendly, high abundance, and cheap compared to organic solvents. The use of water as solvent in organic reactions is one of the current focuses today [8] [9] [10] .
Tetronic acid (tetrahydrofuran-2,4-dione) is one of the important heterocyclic units, has a broad spectrum of biological properties such as antifungal [11] , antibiotic [12] [13] [14] [15] [16] , insecticidal [17] , anticoagulant [18] [19] [20] , antiepileptic [21] , analgesic [22] and anti-inflammatory activities [23] . Podophyllotoxin ( Fig. 1) is a non-alkaloid toxin lignan extracted from the roots and rhizomes of Podophyllum species [24] that inhibits microtubule assembly [25] [26] [27] . Although Podophyllotoxin and its derivatives have a long and fascinating history biological properties such as, purgative, antiviral, antihelminthic and antitumor [28, 29] , but because of mostly unsuccessful attempts to use it for the treatment of human neoplasia, extensive structural modifications have been performed to obtain more potent and less toxic anticancer agents [30] [31] [32] . Among them, derivatives of 4-azapodophyllotoxin ( Fig. 1) , were reported as powerful DNA topoisomerase II inhibitors, substitution of carbon atom at position 4 of podophyllotoxin by nitrogen atom would bring about great changes in the biological profile working through a mechanism of action entirely different from that of the parent natural podophyllotoxin [33] [34] [35] [36] .
Magnetic nanoparticles are a class of nanostructured materials of current interest, due to their numerous applications, such as magnetic resonance imaging [37] , drug delivery [38, 39] , biomolecular sensors [40, 41] , bioseparation [42, 43] and magneto-thermal therapy [44, 45] . In addition, biological and medical applications, magnetic nanoparticles are efficient supports for catalysts in organic synthesis [46, 47] , because of their extremely small size and large surface to volume ratio and can facilitate their separation effectively from the reaction media by magnetization with a permanent magnetic field [48] [49] [50] [51] .
In view of the important biological properties of the azapodophyllotoxin derivatives, we report herein a novel and clean synthesis of tetrahydrofuro [3,4-b] quinoline-1,8(3H,4H)-dione derivatives through a three-component condensation reaction of benzaldehydes, 1,3-cyclohexanediones and anilinolactones in the presence of CuFe 2 O 4 nanoparticles as magnetically recyclable catalyst in water media.
Experimental

Chemicals and apparatus
The chemical used in this work were obtained from Fluka and Merck and were used without purification. Melting points were measured on an Electrothermal 9200 apparatus. IR spectra were recorded as KBr pellets on a PerkinElmer 781 spectrophotometer and an Impact 400 Nicolet FT-IR spectrophotometer.
1 H NMR and 13 C NMR spectra were recorded in d 6 -DMSO solvents on a Bruker DRX-400 spectrometer with tetramethylsilane as internal reference. The elemental analyses (C, H, N) were obtained from a Carlo ERBA Model EA 1108 analyzer. XRD analysis was performed with an X-ray diffractometer (PAnalytical X'Pert-Pro) using a Cu-Ka monochromatic radiation source and a Ni filter. The nanocatalyst was determined using a KYKY EM-3200 scanning electron microscope (SEM) operated at a 26 kV accelerating voltage. The purity determination of the substrates and reaction monitoring were accomplished by TLC on silica-gel polygram SILG/ UV 254 plates (from Merck Company). O (0.025 mol) in 100 mL of distilled water, 75 mL of NaOH 4 M was added at room temperature over a period of 10 min to form reddish-black precipitate. Then the reaction mixture was warmed to 90°C and stirred. After 2 h, it was cooled to room temperature and the formed magnetic particles were separated by a magnetic separator. The catalyst was washed with water and kept in air oven over night at 80°C. Then the catalyst was ground in a mortar-pestle and kept in a furnace at 800°C at a heating rate of (2°C/min) and cooled to 100°C at (5°C/ min) in air. [52] .
Typical procedure for the preparation of tetrahydrofuro [3,4- 
To prepare tetrahydrofuro [3,4-b] quinoline-1,8(3H,4H)-dione derivatives, to a mixture of benzaldehyde (1 mmol), 1,3-cyclohexanedione (1 mmol), anilinolactone (1 mmol) in water, nano CuFe 2 O 4 (5 mol%) was added and heated under reflux condition. The progress of the reaction was monitored by TLC. After completion, the reaction mixture was cooled at room temperature. The nanoparticles were easily separated from the reaction mixture with an external magnet and reutilized four times for the same reaction. The crude solids were filtered off and washed with water. The pure products were obtained by recrystallization from methanol and were identified by physical and spectroscopic data. 
Results and discussion
In this research, benzaldehydes, 1, 1,3-cyclohexanediones 2 and anilinolactones 3 with initial moles were reacted through a three-component condensation reaction in the presence of CuFe 2 O 4 nanoparticles as magnetically recyclable catalyst in water (Scheme 1). In this reaction, the tetrahydrofuro [3,4-b] quinoline-1,8(3H,4H)-dione derivatives were obtained as pure products in high yields.
Firstly, the anilinolactones were prepared from the condensation reaction of tetronic acid with various anilines. As shown in Scheme 2, when tetronic acid was reacted with an equimolar amount of various anilines in 1,4-dioxane solution at room temperature, the corresponding products were obtained in excellent yields, appropriate reaction times and high purity [33] .
To optimize the reaction conditions for the synthesis of tetrahydrofuro[3,4 b]quinoline-1,8(3H,4H)-dione derivatives, the reaction of 4-bromobenzaldehyde 1d, dimedone 2b and 4-(4-methylphenylamino)furan-2(3H)-one 3d was chosen as a model reaction (Scheme 3).
The reaction was firstly carried out in the presence of ptoluenesulfonic acid (p-TSA) as an inexpensive and available catalyst in different polar and non-polar solvents, under reflux conditions. The results are summarized in Table 1 .
Upon screening of various solvents to find out the best choice, it was found that the reaction with water as solvent resulted in the most excellent yield and shortest reaction time. Therefore, water was applied as the appropriate solvent of this reaction (Table 1, To compare the efficiency and effectiveness of the catalysts to improve the yield and to optimize the reaction conditions, the same reaction was carried out in refluxing water using different catalysts. The obtained results are outlined in Table 2 .
In the absence of the catalyst, the model reaction could be carried out but the product was obtained in very low yield during 48 h under reflux in water and gives by TLC analysis only trace of the product. Therefore, our efforts focused on the search for a suitable catalyst. A tremendous improvement was observed and the yield of this reaction was increased up to 93 % in the presence of CuFe 2 O 4 nanoparticles with water as the selected solvent for the reaction. The desired product was obtained in excellent yield and high purity (entry 6, Table 2 ). The magnetic nature of the copper ferrite nanoparticles facilitates their easy and quantitative removal from the reaction medium in the presence of an external magnetic field for further uses.
Characterization of the catalyst
The synthesized CuFe 2 O 4 was subjected to structural characterization with XRD, SEM, and VSM. The position and relative intensities of all peaks conform well with standard XRD pattern of CuFe 2 O 4 (JCPDS card No. 34-0425) indicating characteristic of the tetragonal structure. The copper ferrite calcined at 800°C presents a particle size of 35 nm, calculated from the broadening of the peak at 2h = 35.31 using the Scherrer equation (Fig. 2) . The SEM image shows that copper ferrite nanoparticles have a mean diameter of about 30-35 nm and a nearly spherical shape in Fig. 3 . The magnetization curve The reaction was carried out using 4-bromobenzaldehyde 1d, dimedone 2b and 4-(4-methylphenylamino)furan-2(3H)-one 3d, in the presence of p-TSA (20 mol%) and solvent (5 mL) a Isolated yield of the pure compound Fig. 4 . It is of great importance that a catalyst should possess sufficient magnetic and super paramagnetic properties for its practical application. Magnetic hysteresis measurements on CuFe 2 O 4 were conducted in an applied magnetic field at room temperature, with the field sweeping from -10,000 to ?10,000 Oersted. As shown in Fig. 4 , the hysteresis loop for the sample was completely reversible confirming its superparamagnetic nature. The catalyst showed high permeability in magnetization and high reversibility in the hysteresis loop (Fig. 4) . The next parameter needed to improve the reaction condition was the influence of the amount of the CuFe 2 O 4 nanoparticles as catalyst. An increase in the quantity of CuFe 2 O 4 nanoparticles from 2 to 5 mol% not only decreased the reaction time from 5 to 3 h but also increased the product yield from 80 to 93 %. This showed that the catalyst concentration plays an important role in the optimization of the product yield. Thus, using 5 mol% CuFe 2 O 4 nanoparticles in water is sufficient and suitable choice to push this reaction forward. More amounts of the additive did not improve the yields of products (Table 3) .
The recovery and reuse of catalysts is highly preferable for a greener process. Finally, as shown in Fig. 5 , the reusability of the catalyst was investigated using 4-bromobenzaldehyde 1d, dimedone 2b, and 4-(4-methylphenylamino)-furan-2(3H)-one 3d, as model substrates. It is important to highlight that the catalyst could be magnetically recovered by an external magnetic field and washed with acetone and EtOH. After being dried, it was subjected to another reaction. The procedure was repeated and the results indicated that the catalyst could be cycled four times without a significant loss of activity (Fig. 5) .
Subsequently to verify the general procedure of reaction, various benzaldehydes possessing either electrondonating or withdrawing substituents, 1,3-cyclohexanediones and substituted anilinolactones were tested under these appropriate reaction conditions (5 mL of water, reflux, 5 mol% CuFe 2 O 4 nanoparticles), and a series of 4-azapodophyllotoxin derivatives were synthesized. The results have been 'summarized in Table 4 .
Herein, the comparison of our work with the previously reported methods [53] [54] [55] has been done ( Table 5) . As can be seen in this Table, compared to alternative reports for the was used as the heterogeneous catalyst that easily separated from the reaction via an external magnet. The advantages of this catalyst are such as; the easy synthesis, recoverability, reusability, non-toxicity, and inexpensive. Also, this methodology is very simple and without any usage of specific instrument such as microwave. Furthermore, this is the first report for the synthesis of azapodophyllotoxines using anilinolactones as an efficient enaminone. Anilinolactones and associated compounds possessing this structural unit are versatile synthetic intermediates in organic chemistry that combine the ambient nucleophilicity of enamine and the electrophilicity of enones. To the best of our knowledge, there are very limited examples of heterocyclic compounds synthesized from anilinolactones.
We have not established an exact mechanism for the formation of tetrahydrofuro [3,4-b] as an efficient, magnetically recoverable, commercially available, and powerful nanocatalyst in water as a unique, the most environmentally accepted, green, and abundant solvent. The operational simplicity of this method makes it more attractive for preparative applications. 
